Hadron Correlations and Fluctuations in 40, 80, and 158 AGeV/c Pb-Au Collisions 
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Measurements of HBT correlations and event-by-event fluctuations of mean pr and the net 
charge in Pb-Au collisions at 40, 80, and f58 AGeV/c are presented. From comparisons of 
HBT radii measured from AGS to RHIC energies, a universal mean free path of pions at the 
thermal freeze-out of about 1 fm is derived. Non-statistical mean pr fluctuations of about 
0.7 % are measured, which are somewhat smaller than fluctuations at RHIC. No indication for 
the QCD critical point is observed. Fluctuations of the net charge are reproduced by RQMD 
and URQMD models, but significantly larger than prediction in equilibrated QGP. 



1 Introduction 

The HBT interferometry measurements of pions provide information on the space-time extent 
and the dynamical behavior of the pion so urce in relativistic heavy ion collisions. The present 
data by CERES at 40, 80, and 158 AGeV^^l se rve as an important link between the existing 
results from AGS, SPS, and RHIC, which may provide a hint to the recently found RHIC puzzle^. 
By systematic comparisons of the source size among different collision energies, thermal freeze- 
out conditions may be derived. 

Event-by-event mean pr fluctuations have been proposed as a prob e to search for the QCD 
critical point, where the fluctuations are predicted to be enhanced^". Fluctuations of the net 
electric charge have been proposed as a probe to search for initial fluctuations in the QGP phase, 
where the fluctuations are predicted to be suppressed'^'. The present data may also provide 
a hint to answer the question whether initial suppressed fluctuations in the QGP can survive 
hadronization and subsequent rescattering. 

A detailed description of the CERES experiment is found elsewhere^. In the present analysis, 
the primary vertex and charged particle tracks are reconstructed by two silicon drift detectors 
(SDD's) located just after the target, and a Time Projection Chamber (TPC) located ~ 4 m 
downstream from the target. The acceptance of a full-length track in the TPC is 2.2 < 77 < 2.7. 
Momentum of a charged particle track is calculated from its azimuthal deflection inside the 
TPC under the magnetic field. The centrality of a Pb-Au collision is determined by the charged 
particle multiplicity in SDD's at 40 AGeV/c, and an analog signal in the multiplicity counter at 
80 and 158 AGeV/c. The data analyzed here correspond to the ~ 20 % most central events. 



2 Results of HBT correlations 



Two identical pion correlation functions are fitted to a formula based on the Bertsch-Pratt 
parameterization with the Cartesian decomposition of q = (qiongiQsideiQout) in the longitudi- 
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Figure 1: Source radii (fm) as a function of the mean pair pr (GeV/c) at different collision energies at AGS, SPS, 

and RHIC. 

nally comoving system (LCMS) assuming pion mass. The fitting formula includes a consistent 
Coulomb correction^. Fig. ^ shows the three components of the source radii, Ri on g, Rside, and 
R ou t as a function of mean pair px (kx) at AGS, SPS, and RHIC. The variations of the source 
radii in these collision energies are small. The kx dependence shows a strong decrease. At SPS 
energies, this dependence is shown to be described with collective expansion models^. 

Riong, proportional to the source life time, increases from AGS to RHIC energies. R s ide, 
corresponding to the transverse source size at small pair transverse-mass, decreases from AGS 
energy to 158 AGeV/c at SPS, and then increases to the RHIC energy. The ratio R ou t/Rout is 
observed to be close to 1 at each collision energy, which may be related to a short duration of 
particle emission, and possible opaqueness of a pion sour eel ' '. 

The freeze-out volume is expressed as Vf = (2ir) 3 / 2 Ri ong R^ ide at small kx- The Vf obtained 
from the measured source radii at kx ~ 0.16 GeV/c is plotted in the left panel of Fig. |21 as 
a function of x/sjviV^- The Vf shows a non-monotonic dependence, with a minimum between 
AGS and SPS energies. To understand this, we consider Na, where iV is the number of the 
particles inside Vf, and a is the cross section of a particle in the medium with a pion. Neglecting 
particles except for pions and nucleons, we can express nucleon and pion components separately 
as Na = A^v^ttTv + N n a nn . The two components of Na and the sum are plotted in the right 
panel. The total Na shows again a non-monotonic dependence. In the left panel^, the Na 
shows a very similar collision energy dependence to Vf. The scaling factor is given by the mean 
free path of pions at the freeze-out, Aj = Vf/(Na). Thus, a universal freeze-out condition 
Xf ~ 1 fm is derived from AGS to RHIC energies. 

3 Results of event-by-event fluctuations 



A measure of mean px fluctuations is defined as S PT = sgn(a1 eol — a 2 stat ) ■ ^ CTre ^L a sizL. ; where 
px is the mean px, <y rea \ is the r.m.s. of the event-by-event mean px distribution from the real 
events, and a s t a t is that from the statistical distribution, which is defined as <7j nc / a/ (N) with the 
r.m.s. of the inclusive px distribution, ai nc , and the mean multiplicity, (JV)^l The left panel 
of Fig. |21 shows mean px fluctuations measured by CERES at 40, 80, and 158 AGeV/c in the 
6.5 % most central events at 0.1 < px < 1-5 GeV/c and 2.2 < rj < 2.7, wh ich are compared 
to the measurement by STAR at ^/s^F = 130 GeV in 0.1 < p T < 2.0 GeV/c 13 . The CERES 




Figure 2: Left: the freeze-out volume Vj (in the right y-axis) and Na (in the left y-axis) near mid-rapidity as a 
function of ^snn- Right: the Na of pion and nucleon components and the sum as a function of ^/snn- 



data, corrected for short range q correlations and two-track resolutions^ are about 0.7 %, which 
are smaller than the uncorrected STAR data of about 1.2 %. No indication of non-monotonic 
dependence from SPS to RHIC indicating the crossing of the QCD critical point was observed. 
The RQMD model gives slightly higher fluctuations than the CERES data. 

A measure of net charge fluctuations is defined as vq = c ^ c (n^)+(n ) • Here (AQ 2 ) is 
the r.m.s. of the event-by-event net charge (Q = N+ — iV_) distribution from the real events, 
where N + and iV_ are positive and negative charged particle multiplicity, respectively. Two 
correction factors are applied; C y for the global charge conservation, and C M for the non-zero 
mean net charge. The right panel of Fig. |3] shows the net charge fluctuations measured by 
CERES at the three beam energies in the 6.5 % most central events at 0.1 < pr < 2.5 GeV/c 
and at 2.05 < i] < 2.85, which are compared with the measurement by PHENIX at RHIC'^. 
A decrease of vq from 1 to ~ 0.85 as a function of y^i is observed from SPS to RHIC. The 
observed fluctuations at SPS are reproduced well by the RQMD and URQMD models, while 
they are significantly underestimated by QGP predictions of ~ 0.3. 



4 Conclusions 



We measured pion source radii in 40, 80, and 158 AGeV/c Pb-Au collisions. The collision 
energy dependence of the freeze-out volume obtained with Ri on g and R s ide shows non-monotonic 
behavior with a minimum between AGS and SPS energies. We derived a universal mean free 
path of about 1 fm at the thermal freeze-out, which is independent of the collision energy. 
The small mean free path may indicate opaqueness of the s ource, wh ich may explain also the 
observation of the smaller R out than R side at SPS and RHIC | 1U | 11 ^. 

We measured mean pt fluctuations of about 0.7%, which are somewhat smaller than the 
measurement by STAR at ^/sJw = 130 GeV. The collision energy dependence does not show an 
indication for the QCD critical point^. The RQMD model is slightly higher than the observed 
data at SPS energies. 

The magnitude of net charge fluctuations at 40, 80, and 158 AGeV/c is significantly larger 
than the expectation for an equilibrated QGP. The good agreement of the observed fluctuations 
with hadronic cascade models suggests that r eson ance dynamics and hadronic diffusions are the 
dominant sources of the observed fluctuations^! 
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Figure 3: Mean pr (left) and net charge (right) fluctuations as a function of -^/sjvjv- 



The diffusion size of hadrons in rapidity is modeled as Aydiff ~ fo/coiu/ I haH \ where 5y co \\ 

y ^free 

is a mean rapidity shift per collision, Th a d is the life time of the hadronic phase, and Tf ree is the 
mean free time. The two time scales are expected to be much smaller than the source size from 
the HBT measurements, and they affect the diffusion size oppositely. It is therefore a key to 
evaluate those time scales precisely to search for the onset of the QGP. 
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